Introduction
Alloys of the transition metals, i.e,, elements having atomic numbers between Z=22 (titanium) and Z=30 (zinc), are employed in various regions of thermal power plants. Athough Presently our attention is focused on the thermochemical database upon which metal oxide solubilities may be predicted in aqueous solutions. At the 2"d International Symposium on Chemistry in High Temperature Aqueous Solutions (1 992), we summarized the results of our work in this area and provided experimentally-based themochemical properties for the transition metal cations and their hydrolysis products [l] . These properties were then applied to describe metal oxide solubility behavior in near-neutral, deoxygenated water at sub-and super-critical temperatures. Subsequently, we have provided the results of our solubility studies, conducted over the temperature range 25 to 285"C, for
ZnO [2] , Ti02 [3] , Fe304 [4] , Cr203 [5] , and COO [6] , to complement our previous results on CuO [7] _ -_L_ and NiO [SI. .Although the possibility of unknown experimental errors exists, we have either shown In this paper, the conclusions of these solubility studies with regard to metal oxide phase stability are
highlighted. It is also demonstrated that the thermodynamic properties of the resulting metal cation hydrolysis products, which are intimately related to their structural features, are quantitatively affected by the existence of an incomplete 3d electron shell: octahedral vs. tetrahedral coordination and ligand field stabilization. It is expected that the availability of reliable, experimental1 y-based thermochemical properties for hydroxocomplexes of the transition metal cations (such as standard partial molar entropies) will lead to improved metal oxide solubility predictions, especially for the tri-and tetra-
valent transition metal oxides in high temperature, alkaline solutions.
Summary of Results
Table I provides a summary of thermodynamic properties for the various solid and aqueous species observed in the above metal oxide-water binaries. Note that the formation reaction for ions in solution is defined in terms of an oxidation-reduction reaction involving hydrogen and its aqueous ion:
. .
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The normal thermodynamic convention is to take AGP = AH; = So = C,O = 0 for @(a@. However, in the present paper we prefer to reference thermodynamic properties for aqueous ions to an 'absolute'
. scale in which &(a@ has So = -22.2 J/mol-K [32] and C; = -71 J/mol-K [23] , while AGf" and AH;
remain zero. This change is made to provide a closer link between entropy and structure.
Conventional (i.e., NBSNIST-tabulated) properties are readily converted to absolute properties by adding -22.22 and -712 J/mol-K to So and C: , respectively.
A A. Titanium (IV) Oxide-Water System < The tetravalent oxide of titanium is stable in deoxygenated aqueous solutions. Although three crystal variations, rutile, anatase and brookite, are known, the latter two transform exothermally and irreversibly to rutile over a wide range of temperatures. Either of two formulas is generally used to designate hydrous titanium(IV) oxide: Ti(OH)4 or Ti02.2H20, the exact composition and crystal structure remain to be determined. Hydrous Ti(1V) oxide, however, does not play a role in the solubility behavior of hydrothermally-grown corrosion films formed on titanium metal. Solubility behavior is controlled solely by equilibria with rutile.
Minimum Ti(IV) ion solubilities, due to the formation of the Ti(OH)4(aq) species, are around one nanomolal and are nearly insensitive to temperature changes, see Fig. 1 (a) .
B. Chromium(I1I) Oxide-Water System
The trivalent oxide of chromium is the stable oxide form in deoxygenated waters, although accidental air incursions may cause oxidation to Cr(V1). Minimum Cr(II1) ion solubilities, due to the formation of the Cr(OH),(aq) species, are around 0.1 nanomolal and decrease slightly with temperature, see Fig. 1 (b) .
C. Iron(II, 111) Oxide-Water System
Complexities exist in the iron oxide-water system due to the stability of hydrous oxide phases and the relative ease with which the Fe(I1)-Fe(II1) redox reaction occurs. For example, at least two iron@) oxide hydroxide compounds have been identified in the lower temperature (condensate/feed) regions of steel-tubed, fossil-fired power plants, Le., a-FeOOH (goethite) and y-FeOOH (lepidocrocite).
Lepidocrocite appears to be associated with lower oxygen levels. In non-deaerated waters at elevated temperatures, goethite dehydrates to a-Fe203 (hematite), the transformation temperature in water at its saturation vapor pressure being around 70°C.
Hydrogen is added to reactor cooIant in the world's pressurized water reactors to prevent radiolytic phenomena from creating a net oxidizing environment. As a result, the stable iron oxide form is Fe304
(magnetite), which reff ects a partial reduction of Fe@I) to Fe(IX), i.e., Fe(II)Fe(III)204. Our magnetite __ ---~ soIubiIity study has also shown that the use of hydrogen causes magnetite to transform to hydrous iron(I1) oxide at lower temperatures. For a one atmosphere blanket of hydrogen cover gas (at 25"C),
the transformation occurs at 1 16°C.
In addition to our magnetite solubility study, two other fairly comprehensive magnetite solubility studies have been conducted in hydrogenated waters: Sweeton On the other hand, it is encouraging that a*-Ll,.ree magnetite solubility studies provide nearly the same minimum solubilities. Our measurements, as shown in Fig J/mol-K) is prefened.
As solution alkalinity increases, it is generally accepted that anionic hydroxocomplexes begin to control solubility behavior. Our results and those of Tremaine .
-and Leblanc conclusively demonstrate _ _ that Fe(0H)i is formed in preference to Fe(OHJ3 -at lower solution alkalinities, despite the presence of -hydrogen. Therefore, the thermodynamic analysis of Sweeton and Baes, which assumes that Fe(OH)3-is the only anionic hydrolysis product, is in error, so that the thermochemical prhperties that were extracted for Fe(OH)3-should be disregarded.
The inferred minimum solubility of hematite, per Table I , is 0.05 ppb at 300°C. Such a low value is consistent with power plant operational experience with once-through boilers. These units operate with
oxygenated treatment (OT), which is essentially pure water having small additions of oxygen, in order to minimize iron transport (solubility).
An independent source of information is available as a check on the extracted thermochemical properties of the anionic hydroxocomplex of the iron(II1) ion. In a poster at the 5* ISHR, Khodakovsky et al. [35] presented preliminary results of a hematite solubility study conducted in sodium hydroxide solutions (0.02 -0.1 m) under an oxygen cover gas. Equilibrium constants were reported for the hematite dissolution reaction
O= Fe(OH),-(aq)+ H+(aq)
at five temperatures between 1 10 and 300°C. We extracted thermochemical properties for Fe(OH)< from these data after accounting for their expected non-linearity by fitting a constrained threeparameter model (i.e., AG = A -BT -CTlnT, where C was fixed at its expected isocoulombic value
The standard Gibbs energy of formation agrees quite well with the Table I value, while the higher value for standard partial molar entropy indicates that Fe(0H)Y is an even more important hydrolysis product at elevated temperatures than we found in our constrained analysis of magnetite solubility behavior.
D. Cobalt(II) Oxide-Water System --
The divalent oxide of cobalt is stable in high temperature aqueous solutions. Hydrous cobalt@)
oxide is expected to be thermodynamically stable at lower temperatures. Two polymorphs are known:
a-Co(0H)z (blue) and P-Co(OH)z (pink), although only the pink form is expected to remain stable in aged solutions at room temperature. Based on thermochemical properties of P-CO(OH)~ extracted from our cobalt(I1) oxide solubility study, and those of COO listed in Table I , hydrous cobalt(I1) oxide is expected to dehydrate to COO in saturated aqueous solutions at temperatures above 80°C. 
I
Our study also demonstrated that hydrogen affects cobalt@) ion solubility. For feed solutions saturated with a one-atmosphere blanket of hydrogen cover gas, the solubility equilibria were usually controlled by an oxidative dissolution reaction of metallic cobalt:
Based on Table I thermodynamic properties, cobalt@) ion solubility behavior will be controlled by equilibria w i t h COO only at solution temperatures >250"C when this level of dissolved hydrogen is present.
Formation of the anionic hydroxocomplex Co(Om3-occurred w i t h relative difficulty, since our study found no evidence for Co(OH)3'formation at sodium hydroxide concentrations as high as two millimolal (PH at 25°C = 1 1.3). Based on Table I , cobalt@) ion hydrolysis to CO(oH)3-is not expected until pH (at 25°C) = 1 1.7.
E. Nickel@) Oxide-Water System
The divalent oxide of nickel (bunsenite) is stable in typical power plant waters. It is isostructural with COO and is known to hydrate to P-Ni(OH)Z (theophrastite) which is isostructural with P-Co(OH)2.
The transformation threshold for the hydrous nickel@) oxide dehydration reaction, consistent w i t h our solubility results (and Table I ) , is 195°C in aqueous solutions maintained at their saturation vapor
Minimum solubilities of bunsenite are found to be around 0.01 micromolal at 300"C, see Fig. 2 
(c).
Our results are slightly higher than the mi ni mum 0.003 micromolal solubility riported by Tremaine and Leblanc [36] , a widely-quoted geochemical reference on bunsenite solubility behavior. Given the degree of data scatter present in both data sets at these low solubility levels, the difference may not be significant.
More importantly, however, it is noted that the solubility measurements of Tremaine and Leblanc at
100 and 150°C may be invalid, since we observed NiO to be unstable relative to p-Ni(0H)z in this B temperature region. Extraction of thermochemical properties for Ni(OH)3-using our NiO solubility database and the portion of Tremaine and Leblanc's database where Ni(oH)3-is expected to be present (NaOH > 1 millimolal and T 2 2OO0C), yields essentially the same results as provided in Table I .
Therefore, we conclude that the thermochemical properties of Ni(OH)3-claimed by Tremaine and Leblanc are in error, since they indicate that hydrolysis of Ni(OH)2(aq) to Ni(OH)3' occurs at a room temperature pH of 9.5, rather than >11 as suggested by our results in Table I . Thus our results indicate that the standard Gibbs energy change involved in the creation of the M(OH)3-anionic hydroxocomplex from the neutral hydroxocomplex via
M(OH),(aq) + H,O=M(OH),-(aq) + H'(aq)
is nearly the same for M = Fe(II), Co(I1) and Ni(II), i.e., nG"(298) = 68.6 kJ/mol.
Nickel(I1) ion solubility behavior is also affected by dissolved hydrogen. In solutions saturated with one atmosphere of hydrogen (at 25"C), solubility equilibria will be controlled by oxidative dissolution of metaIlic nickel, rather than by theophrastite or bunsenite. Only at solution temperatures >306"C will Thermochemical properties for the neutral hydroxocomplex Cu(OH)2(aq) are included in Table I based on unpublished tenorite solubility measurements taken in our laboratory. They are intended as estimates until the results fiom a tenorite solubility study become formally available over the pH region 8 -10.
G. Zinc(II) Oxide-Water System
Only the divalent oxide form of zinc exists. Although zinc is not a transition metal, its behavior is included here as a 'reference case' to support the seemingly anomalous results exhibited by CuO. 250°C ). This difference is not considered significant.
Discussion
Within the expected accuracy and applicable temperature range of our measured solubilities, the Gibbs energy of each hydroxocomplex may be determined at any temperature using two properties:
AGt(298) and S"(298). As discussed above, the The Table I database also provides an opportunity to advance basic understanding of hydrolytic behavior. Previously, the thermodynamic properties of solubilized metal cations in aqueous solutions were quantified in two stages: (1) predict properties of the unhydrolyzed metal cation (aquocomplex) from those of the gaseous metal cation, and (2) predict properties of the hydrolyzed metal cations (hydroxocomplexes) from those of the unhydrolyzed metal cation. For example, the phenomenological model developed by Marcus [37] predictdcoselates standard Gibbs energy and entropy (nG," and So)
for unhydrolyzed metal cations based on charge (Z) and size (r), while Brown et al. [38] successfully correlated ~GP(298) for the first hydrolysis reaction based on 2, r and two electron screening functions. Recently, Shock et al. [39] developed empirical correlations to predict So values for metal ion hydroxocomplexes from those of the unhydrolyzed metal cation based on Z and the number of hydroxide ligands (n). chose to omit these predictions. In the case of Ge(OH)4(aq), predictions were not possible, since no cationic aquohydroxocomplexes were known. Discussion of Ti(OH),(aq) properties was deferred to a paper in preparation, which has not been issued.
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.o a Table I1 reveals while tetrahedral coordination of Zn(I1) complexes is stabilized by sp3 bonding (since its 3d electron shell is complete). Thus, both deviations may be rationalized. and tetra-valent transition metal cations appears to be due to the inability to account for ligand field stabilization and specific structure-makingbreaking tendencies of the metal cation. The anionic hydroxocomplexes of the two tetravalent cations in Table I11 show a difference in So values of about 100 J/mol-K, the complex of the traition metal cation having the lower value (even though Ti(1V) has no LFSE). It is interesting to note that Pokrovski and Schott [41] concluded that the G e v ) anionic hydroxocomplex should actually be written as an oxohydroxocomplex, GeO(OH)3-, because Ge(1V) tends to exhibit C.N. = 4. Thus, the difference in So values may be due to a difference in the structure-makinghreaking contribution caused by octahedral vs. tetrahedral coordination in the two anionic complexes.
B. First Anionic Hydroxocomplexes
ConclusiondSignificance
On the basis of transition metal oxide solubility studies, thermodynamic properties (nGfO, AH?, and So values for the Period 4 neutral hydroxocomplexes were shown to fall in a range between -80 and +200 J/mol-K. These values were shown to be affected by differences in water structure-making/ Table 10 List of Figure Captions 
